The variable latency of a saccade to the onset of a single target reveals our brainÕs hypothesis testing about the targetÕs presence. Search in complex scenes involves multiple objects that compete to become fixated. The initiation of a saccade in this case involves two hypotheses: (1) a potential target is present outside the fovea and (2) the currently fixated object is not the target. Previous models suggest that these hypotheses are evaluated independently, each involving a decision signal that races towards threshold. We show here that the skewed latency distributions during search comply with strong competition between these decision signals rather than independence. Moreover, the thresholds for the two competing processes are not independent either but conform to an invariant that suggests that saccades in complex scenes are made when the odds for the targetÕs presence outside the fovea versus within the fovea are about four.
Introduction
Saccades towards suddenly presented targets usually occur with a latency of 100-250 ms. Such latencies are too large to merely reveal the delays associated with visual processing and motor preparation. Rather, the delay reflects the time taken for a relatively slow decision process to rise to threshold in order to initiate a saccade ( Fig. 1(a) ).
Carpenter proposed that the rate of rise of the decision signal is normally distributed, while manipulations, that affect the subjectÕs expectations only change the threshold (Carpenter & Williams, 1995; Reddi & Carpenter, 2000) . Therefore, reciprocal latency (in this model equal to rate divided by threshold) should follow a Normal distribution. The ratio of its mean and standard deviation (coefficient of variation: CV) should be constant for various levels of expectation (Hanes & Carpenter, 1999; Van Loon, Hooge, & Van den Berg, 2002) . Both predictions were supported Carpenter and Williams (1995) and Reddi and Carpenter, 2000 by latencies in a left-right saccadic-choice task.
Neurophysiological studies have identified possible substrates for the decision circuitry in the frontal and parietal cortex (reviews: (Glimcher, 2003; Gold & Shadlen, 2003) ). Recently it was also suggested that the Superior Colliculus in the midbrain is part of the decision circuitry (McPeek & Keller, 2004) . Establishing an invariant, like the CV of reciprocal latency in CarpenterÕs scheme, is of interest because it indicates that the degrees of freedom of the neural circuitry that controls reaction time are reduced by one. It seems of some interest, to investigate whether the invariance for CV holds for manipulations other than urgency instructions and expectations on the targetÕs location. One well known manipulation that affects reaction time is the removal of the fixation point some time prior to the presentation of the target(s). This temporal gap between fixation offset and stimulus onset can reduce the mean reaction time by tens of ms (Boulinguez, Blouin, & Nougier, 2001; Clark, 1999; Hooge, Beintema, & van den Berg, 1999; Kalesnykas & Hallett, 2002; Pratt, Bekkering, & Leung, 2000; Saslov, 1967; Weber & Fischer, 1995) . The activity in the fixation area in the Superior Colliculus is known to be reduced during the gap (Dorris & Munoz, 1995; Krauzlis, 2003; Opris, Barborica, & Ferrera, 2001 ). The change in activity in the SCÕs fixation area during the gap could be part of a mechanism that affects the threshold as in CarpenterÕs model. If so, the above mentioned invariant should be maintained.
Unfortunately, previous studies reported the effects of the gap on the mean of reaction times not its effect on the SD. Thus, the first goal of our study was to establish the gapÕs effect on the reciprocal latency distribution of the 1st saccade after stimulus onset and to evaluate the strength of CarpenterÕs reciprocal latency approach for understanding that effect.
A second goal of this study emerged from our earlier work. We reported previously that CarpenterÕs scheme was not supported during a saccadic search task (Hanes & Carpenter, 1999; Van Loon et al., 2002) . Although the reciprocal latency of the 1st saccade follows a Normal distribution, the reciprocal latency distributions for 2nd and later saccades in the scan pattern show significant skew. Even though good fits were obtained by a Gamma distribution for reciprocal latency (Van Loon et al., 2002) , those findings remained somewhat unsatisfactory for two reasons. First, the Gamma distribution was not well founded in a model, which makes the interpretation of the fit parameters somewhat open to dispute. Second, replacing CarpenterÕs Normal distribution by a Gamma distribution did not remedy a conceptual limitation of the recinormal/recigamma fits, namely that those schemes do not provide an explanation why the search sequence of saccades comes to a halt when the target is found. Either of those schemes generates a saccade once a threshold level of activity is reached irrespective of the properties of the currently fixated object. When multiple targets are presented as in a search task the modelÕs threshold must be crossed at some instant, leading to endless search.
To remedy this conceptual drawback, we propose a competition between two race processes, one leading to saccade generation and the other leading to maintained fixation. We investigated if that notion could explain the skewed distributions for the 2nd and later saccades during search.
In single saccade studies, competition is introduced experimentally by the countermanding paradigm (Asrress & Carpenter, 2001; Cabel, Armstrong, Reingold, & Munoz, 1999; Cabel, Armstrong, Reingold, & Munoz, 2000; Hanes & Carpenter, 1999; The skewed latency distribution is caused in this model by a decision signal that, following stimulus onset, rises linearly to a threshold level. The rate of rise is normally distributed, as indicated by the distribution of the slope in the lower part of the figure. (b) Trials started with presentation of a fixation point on a blank screen. In Gap trials the point was extinguished prior to stimulus presentation. In non-gap trails the fixation point remained visible throughout the trial. In randomly chosen non-gap trials, one line (target or distractor) was blanked when ÔtouchedÕ by the gaze line. (c) Saccadic search for two target elements deviating in orientation from a radial pattern of distractors. The gray trace denotes a scan path. In part of the trials one fixated object was blanked. In this example, a distractor was blanked $80 ms after the 2nd saccade(line surrounded by dashed circle), curtailing the presentation of that line element.
1995; Hanes, Patterson, & Schall, 1998; Pratt et al., 2000) . In the countermanding trial, the onset of a saccade target is followed by a stop signal and the subject attempts to withhold the saccade. The saccades that escape inhibition by the stop signal deviate from a Normal reciprocal-latency distribution (Hanes & Carpenter, 1999) . Such data have been explained by models that involve a dual race (Asrress & Carpenter, 2001; Hanes & Carpenter, 1999; Logan, Cowan, & Davis, 1984) . One HOLD signal races to countermanding threshold and another GO signal races towards saccade threshold. The signal that wins the race determines the outcome. An important assumption in such models is the independence of the two racing signals, for which support has been obtained (Hanes & Carpenter, 1999; Pare & Hanes, 2003) .
During search, a subject inspects an object using the fovea to collect evidence as to whether the object is the target. The likely result is that such a visual inspection evokes a signal that aims to hold the eye on that object, while competing signals from the periphery prepare for further saccades. Thus, during search one may expect HOLD and GO signals, that race towards their thresholds as in the countermanding experiment. However, a major difference is that many potential targets contribute to the GO signal during search.
A second goal, then, was to establish whether a dual race to threshold model could explain the skewed distributions for 2nd and later saccades during search. To this end we collected saccades in a large number of brief trials, each trial consisting of a sequence of 2-6 saccades. To manipulate the level of the HOLD signal during search we removed or altered the fixated object in randomly chosen trails during preparation of the 2nd or 3rd saccade in the sequence ( Fig. 1(b) ,(c)).
Finally, because the independent race model did not comply with our data, we developed a race model with strong competition between the HOLD and GO signals, leading to the prediction that reciprocal latency should be distributed according to a Beta-prime distribution. This model is described in Appendix A.
First, we find that the ratio of mean and standard deviation of the reciprocal latency is not invariant for various gap-durations. This is at odds with the view that changes in latency are caused by a pure threshold shift. Second, as reported by us previously, reciprocal fixation interval durations during the scan sequence are skewed with a long tail indicating a relatively large fraction of fast saccades. The upper tail of these distributions did not correspond to a realistic Normal distribution for the GO signal. These skewed distributions and the symmetric rate distributions of the 1st saccades (including those for the gap conditions) fit well to a so called Beta-prime distribution. Interestingly, the parameters (S, F) of this distribution conform to a ratio (S/ (S + F)) that is invariant to the manipulations in this experiment (gap effect, gaze-contingent object removal), indicating that the decision circuitry indeed varies latency by just a single parameter.
Methods

Experimental procedures
Subjects were seated in a dark room in front of a translucent screen at 2-m distance. The head was stabilized by a chin rest and a head support. Displays were generated at a frame rate of 75 Hz through an Apple Macintosh G4 computer. Screen dimensions were 62°h orizontally · 48°vertically. Display resolution was 1024 · 768 pixels. Stimuli were back-projected on the screen by a SONY VPH 1270 QM projection monitor. Four subjects participated in the experiment. Data were collected in 6-7 sessions of up to 470 trials each, each lasting less than 45 min.
Subjects searched for two target lines within a display of radially oriented distractor lines ( Fig. 1(c) ). Finding the target in such displays is a rather difficult task, probably because the wide variation of orientations in the radial pattern precludes popout of the deviating line (cf. (Nothdurft, 1993) ). We wanted to investigate a rather difficult search task in order to obtain saccades towards the target and towards distractor elements with high probability. Horizontal and vertical movements of the left eye were recorded using the scleral coil technique ( (Collewijn, van der Mark, & Jansen, 1975) ; Skalar Delft, The Netherlands), filtered (4 Pole Bessel Low pass cut-off at 250 Hz), sampled at 500 Hz (at 16 bits resolution, National Instruments-MIO XE 50) and stored for later analysis. Both eyes were viewing the display.
Between trials, a yellow fixation point was shown at the screenÕs centre. The subject fixated that point and initiated the trial by a button press. The presentation time of the search stimulus was 2.0 s. In part of the trials a dark screen was shown briefly after fixation point offset (gap period; duration 80 or 160 ms). The fixation point was extinguished after 0.5 s and followed by the gap and the search stimulus in those conditions. In the no-gap condition the fixation point remained visible throughout the trial and the search stimulus appeared 0.5 s after the button press. The search stimulus consisted of red lines arranged in a radial pattern on a dark background. The targets consisted of two lines with an orientation that deviated from the radial pattern. The target lines occurred at random locations along circles concentric with the fixation point at 6°, 12°or 18°eccen-tricity. Within a trial the two targets always possessed the same eccentricity.
The radial display of line segments was generated through computation of forward motion of the eye through a cloud of 120 dots during 362 ms. The dots were randomly positioned in a volume extending 22 m in front of the subject. The simulated speed of forward motion was 8 m/s and its direction was randomly chosen within 15°eccentricity from the screenÕs centre. The starting and end position of each dotÕs trajectory were stored. Lines on the display were drawn by connecting these pairs of positions. In this way 120 lines were generated, but only about a third of these lines (on average 44 ± 5, SD) were visible. Two targets were created by rotation of the lines over 30°within the image plane. The direction of rotation was randomly chosen clockwise or anti-clockwise. In previous experiments it was established that this angle of deviation required several scanning saccades to find the target (Van Loon et al., 2002) . Subjects were instructed to look for both targets within the display in succession and to maintain fixation on the last target only if both targets were found.
To investigate the effects of foveal stimuli on saccade timing we removed the foveal stimulus prior to the 1st saccade. We also investigated the effects on saccade timing of removal of fixated objects during scanning. To do so, we monitored and processed the eye signals on-line. Signals were corrected for offset (using the average eye position recorded during the 500 ms fixation period at the beginning of the trial), converted to degrees (using pre-calibrated sensitivities of the amplifiers and the AD card) and saccades were detected using a simple velocity criterion (10-15°/s). Finally, the end-saccadic fixation direction was compared to the location of each target line. For each line the fixation error was computed as the eccentricity parameter of the ellipse through the fixated location that is confocal with the endpoints of the line. The line with a fixation error less than 1.5°w as marked as ÔtouchedÕ by the eye. In this analysis eye drift following the saccade was permitted for 150 ms. If the eye drifted slowly towards the target at a speed below the velocity criterion for saccade detection, the target was marked as touched, provided the threshold eccentricity was reached within 150 ms after saccade-end. The on-line analysis of Ôeye-touchingÕ allowed us subsequently to manipulate the touched line element. Thus, in addition to the two gap conditions we also investigated two line removal conditions in separate sessions. The display program blanked the line 83 ms after the eye-touch by the 1st or 2nd saccade in the scanning sequence. In two subjects we did not blank the touched line but changed its colour to yellow.
We could not exactly control the time of target blanking relative to the touch time due to the raster-scan technique of display monitors. At 75 Hz frame rate this introduces a 13.3. ms uncertainty in the exact time of line removal. To enable off-line checks on the sequence of events, micro-second clock signals marking saccade onset and offset as determined during the trial and a signal marking the adjustment of a touched line element were recorded together with the eye signals.
Per subject about 2000 trials were collected. The gap conditions and line removal conditions were presented in different sessions. Within a session, gap or line-removal trials were randomly alternated with trials without gap or line-removal.
Data analysis
Off-line analysis started with saccade detection in the raw eye position records on the basis of eye velocity and timing criteria. Inter-saccadic fixation intervals were determined for up to 6 saccades. For the line removal conditions, trials were split in target-removal and distractor-removal groups. Obviously, higher ordinal numbers of saccades are scarcer. Thus, we limited the following stage of analysis to only the 1st three saccades. For each subject and condition at least 58 saccades were collected, but distributions often included 300-500 saccades. In the line removal experiments 15 distributions were determined per subject (4 subjects in total). Four of these distributions were obtained by collapsing the data across the line-removal dimension or the target/distractor dimension. In two subjects we collected additional data with a colour change of the touched line element.
Following our earlier analysis, we reduced saccadic latency for the 1st saccade by 70 ms to take into account a saccadic dead time: the interval directly preceding the saccade during which the saccade plan cannot be modified (Hooge, Boessenkool, & Erkelens, 1996; Van Loon et al., 2002) . We propose that the execution phase of the saccade and planning for the next saccade is started at the onset of the dead-time. Thus, only the latency of the 1st saccade is affected by the dead-time, because for the 2nd and later saccades the observed fixation interval prior to the saccade must be reduced by the dead-time of that saccade but at the same time increased by the dead-time of the previous saccade. Reciprocal latency or decision rate was computed as 1000/latency (in ms).
Fit procedures
To test the notion of an independent race between stop and saccade signals, we fitted the rightward tail of the reciprocal latency with a Normal distribution. We made histograms of the reciprocal latency distribution (bin size 0.57 s À1 ) for the 2nd and 3rd saccades, determined the location of the maximum of each distribution and used only the counts of the histogram with higher reciprocal latencies for the Marquardt-Levenberg fit procedure. As we fitted saccade counts, not frequencies, the fit provided three parameters: mean and standard deviation of the best fitting Normal distribution and the amplitude of the distribution. The amplitude represents the predicted number of saccades according to this model. The difference between the amplitude and the ac-tual number of saccades provides an estimate of the withheld 2nd or 3rd saccades.
To test the notion of a strong competition (see below) between a stop and a saccade signal, we fitted cumulative distributions of reciprocal latencies with a Betaprime (b 0 ) distribution. The Beta-prime distribution is given by
In this distribution the variable ÔrÕ is proportional to the observed reciprocal latency as follows:
with R a proportionality constant, while C(Á Á Á) stands for the Gamma function. The b 0 distribution corresponds to a competition model that is described in Appendix A in full detail. Briefly, the model assumes that the decision is based on a series of neural nodes that can assume one of two states. The decision to make a saccade is reached when less than F nodes favour maintained fixation, while S nodes favour saccade initiation. The reciprocal latency is proportional to the odds (r) that either node will reach the state for fixation or the state for saccade generation. Fitting the distributions to the observed reciprocal latencies allows us to determine the threshold levels (S and F) and the rate constant ÔRÕ.
The three parameters of the model and their 90% confidence intervals were determined using, a non-linear Marquardt-Levenberg fitting procedure in Mathematica (Wolfram Ó), and the Kolmogorov-Smirnov statistic (p(K À S)) was evaluated for each fit to test its quality. Finally, we computed the derived parameters ÔS + FÕ and ÔS/(F À 1.0)Õ that characterize the symmetry of the distribution and the expected odds, respectively. Finally, the fitted parameters were evaluated in ANOVAs for significance of their variation in relation to the experimental conditions.
Results
Subjects made up to 7 saccades during their search for the targets. Only one target was found in about 50% of the trials. Two targets were found in 25-40% of the remaining trials, depending on eccentricity. Performance appeared to decrease for more eccentric targets, but the effect was not significant (F(2,30) = 0.8; p = 0.45). Subjects more often succeeded to find one than both targets (F(1,30) = 24.4; p < 0.0001).
The gap-effect on the reciprocal latency distribution of the 1st saccades
For the 1st saccade, the reciprocal latency distributions were symmetric and well described by a Normal distribution ( Fig. 2(a) ). When we removed the fixation point prior to stimulus onset (gap-80 or gap-160), the mean of the reciprocal latency of the 1st saccade increased in all subjects (F(2,1000+) > 10; p < 0.001; 1000+indicates that in all subjects more than 1000 DF were present in the test) except subject MC (F(2,1388) = 0.23; p = 0.98). In that subject, a clear change of the SD of the reciprocal latency occurred.
If the decision circuitry controls the reciprocal latency distribution by a changing threshold, then the ratio of the mean and the SD of the reciprocal latency should be constant. However, in contrast to that prediction, the coefficient of variation (mean/SD) of the reciprocal latency was not maintained (Fig. 2(b) ), however. Apparently, the gap effect and its associated changes in Superior Colliculus (Dorris & Munoz, 1995; Dorris, Pare, & The coefficient of variation (mean/SD) of the reciprocal latency (or decision rate) for different gap conditions. For all subjects, mean/SD is based on the best fitting Normal distribution. Relative error of these parameters is less than 0.02, hence the relative error of the coefficient of variation is on the order of 0.05. The error is therefore about 0.25, i.e., on the order of the size of the symbols. Munoz, 1997) and Frontal Eye Field (Dias & Bruce, 1994) activity does not simply adjust the threshold of an unaltered decision signal.
3.2. Fits of reciprocal latencies of 2nd and 3rd saccades using an independent races scheme If HOLD and GO signals race independently towards their respective thresholds, a saccade is generated only, when the saccade signal reaches threshold first; i.e., the saccade reciprocal latency must exceed the hold reciprocal latency. By definition, the cumulative distribution at reciprocal latency ÔXÕ denotes the probability that the rate/threshold signal is smaller than ÔXÕ. Thus, the probability density that the saccade rate will exceed the hold rate is given by the product of the cumulative density for the hold rate (CDF hold , Fig. 3(a) ) and the density function for the saccade rate (PDF saccade , Fig. 3(a) ). Of course the reciprocal latency of the hold signal cannot be observed directly. It manifests itself indirectly, in those trials where search stops after the 1st or the 2nd saccade.
Two important points to note are that the CDF hold rises monotonically to 1.0 and that it remains there. Thus, multiplication of PDF saccade by the CDF of the hold process reduces the probability of making a saccade by Ôcutting offÕ the saccade rate distribution from the lower rates onward (Fig. 3(a) ), until the CDF hold reaches the ceiling level.
A 2nd (3rd) saccade was made in more than 99 (93)% of the trials for each subject. Thus, less than 7% of the 2nd and 3rd saccades were withheld. To explain such a low fraction of countermanding, CDF hold should have reached its ceiling level at a reciprocal latency well below the maximum of PDF saccade . This is valid irrespective of the precise form of the CDF hold function, which is unknown. Thus, the rightward tails of reciprocal latency distributions for 2nd and 3rd saccade are not affected by the hold signal (they are multiplied by 1.0). If we assume that the saccade signal is Normal distributed as in CarpenterÕs scheme, fitting that rightward tail then provides an estimate of the distribution of PDF saccade .
Fitting a Normal distribution to the rightward tail of the reciprocal latency distribution for 2nd and 3rd saccades resulted in close to zero or negative estimates of the mean of PDF saccade for 30 distributions (Fig. 3(b) ). A negative decision rate means that the saccade decision (GO) signal decreases over time and threshold will never be reached. This should occur for 50% of the trials if the estimated mean is 0 and for even more trials if distributions possess a negative mean.
A comparison of the predicted number of saccades according to the fit (the amplitude parameter) and the actual number of saccades confirms this; at least 56% of the saccades had been withheld for each of above mentioned 30 distributions. Clearly, we are left with a conundrum: only 7% or less of the 2nd and 3rd saccades are withheld, but the independent race model leads to an estimate of much larger numbers of withheld 2nd and 3rd saccades.
Beta-prime fits
As explained in Appendix A, strong competition between HOLD and GO signals leads to the prediction that saccadic reciprocal latency should follow a Beta-prime distribution. Fig. 4 gives two representative examples of the superior fit-quality of the Beta-prime distribution, compared to that of the Normal distribu- For a saccade that escapes countermanding, the reciprocal latency of the HOLD signal is less than that for the GO signal. The density function of the escaped saccades (shaded area) equals the product of the saccade density (PDF saccade )and the cumulative density function of the stop signal (CDF hold ). The inset shows that for data drawn from such a dual race model, a fit to the tail of the reciprocal latency distribution of the escaped saccades provides an accurate estimate of the mean of the saccade density function of that model (arrows at 4 for PDF saccade and for the tail fit). (b) Application of the tail-fit procedure to our experimental observations revealed estimates for the mean reciprocal latency of the saccade signal that were close to zero or even negative (lower panel); the estimated saccade density functions predict negatively rising rate signals with high probability! Realistic tail fits were found for the 1st saccade distributions (highlighted by vertical bars) with two exceptions, in which cases the 1st saccade distribution was skewed.
tion. Most fits of the (b 0 ) function to the reciprocal latency distribution for each subject were very good (p(K À S) > 0.1 for 56 out of 86 distributions; only a few fits were rejected (p(K À S) < 0.01 for 8 distributions)). In contrast, using the Normal distribution 71 fits were rejected and only 14 fits -involving only distributions of 1st saccades -passed the criterion for a good fit p(K À S) > 0.1.
The rate scalar (R) was always close to 1.0 ( Fig. 5(a) ). Thresholds for fixation (F) and for saccade initiation (S) were largest for the 1st saccade (Fig. 5(b) ) and dropped three to fivefold for the 2nd and 3rd saccades.
To test for effects of line removal, line type (target/ distractor) and saccade number, we performed an ANO-VA on the parameters of the distributions for 2nd and 3rd saccades. The threshold for saccade initiation (S) showed no main effects of saccade number, line removal, line type, or their interactions. Fixation threshold (F) was significantly larger for line removal (mean difference 3.8; F(1,40) = 5.1, p = 0.029) and for target lines (mean difference 3.5; F(1,40) = 4.48, p = 0.04). There was no significant effect of saccade number or of any interaction.
Significant effects on the expectation of the rate distribution (S/(F À 1)) occurred for several main factors: line removal (mean difference no removal/removal: 1.04; F(1,40) = 8.13, p = 0.007), saccade ordinal number (mean difference: 0.89; F(1,40) = 5.938, p = 0.02) and line type (mean difference distractor/target: 1.58; 0 distribution is curved. Clearly, the data are not Normal distributed, not even in accordance with a deviation by a guessing process that increases the probability of high reciprocal latencies, because there is significant deviation also at low reciprocal latencies. Rather, the data curve away from a straight line in the probit plot on either side of the median. . The parameters of the b 0 distribution separated according to conditions, subjects and ordinal number of saccade. Each point represents a parameter value for one distribution. The numbered horizontal bars denote sets of distributions for 1st, 2nd or 3rd saccades. Each triple of adjacent horizontal bars (2,3,1) denotes the data for one subject. The rate scalar (upper panel) is close to 1 for all 86 distributions. Only eight of the 86 observations deviated significantly from this distribution (p(Kolmogorov-Smirnov) < 0.01). A relatively large fraction of saccades with very brief latency occurred in these cases, perhaps related to express saccades. In the lower panel the parameters ÔSÕ, ÔF Õ and the fractional contribution of ÔSÕ (100 * S/ (S + F)) are shown. The latter quantity is practically invariant even though S and F vary considerably for different subjects, conditions and saccade numbers. Distributions for 1st saccades were usually symmetric as revealed by high threshold levels.
F(1,40) = 18.7, p = 0.001). None of the interactions were significant for the expectation.
Remarkably, the parameters of the distributions F and S were not independent (Fig. 5(b) ). We compared S, F and the fractional saccade threshold Ô100 * S/ (F + S)Õ for all 86 distributions. Clearly the variation was much reduced for the latter ratio. Whereas S ranged from 10 to 250 and F from 2 to 42, fractional saccade threshold was nearly invariant at 80%.
Disussion
Saccades carry the eye to informative parts of the display, but do so in a way that loosely respects temporal and spatial properties of the scene. In the frontal eye fields (FEF) a faithful representation of the salient elements in the visual scene is followed by a decision stage that renders a less strict temporal relation between saccade onset and target onset (Gold & Shadlen, 2000; Gold & Shadlen, 2002; Schall, 2002; Schall & Bichot, 1998; Schall & Hanes, 1993; Schall, Hanes, Thompson, & King, 1995) . We investigated the reciprocal saccadic latencies because they reveal the statistics of the rising decision signal (Carpenter & Williams, 1995) . In a previous study, we showed that the 1st saccade has a symmetric reciprocal latency distribution, while the distributions of later saccades are skewed (Van Loon et al., 2002) . Here we show that the skew of the distributions for 2nd and 3rd saccades in the sequence cannot be explained by a model with two independent Gaussian distributed rate signals, that race towards their thresholds for saccade initiation and saccade withholding, respectively. That scheme would lead one to conclude that saccade signals with negative rate would occur with high probability. Thus, one is forced to drop the assumption that skewed reciprocal latency distributions could result from a competition between independent hold and go signals which are both symmetrically distributed. Of course, one could rescue the independent races model by assuming non-Gaussian distributions for the independently racing signals, but then our analysis is more parsimonious.
In the context of countermanding experiments the notion of independence was questioned earlier when partial inhibition of the go signal by the stop signal when it reaches threshold was proposed (Asrress & Carpenter, 2001; Hanes & Carpenter, 1999) . This could explain prolonged latency of some saccades that escaped inhibition. However, such a mechanism would tend to increase the proportion of relatively long latency saccades, whereas during search the 2nd and 3rd saccades show a relatively high fraction of short latency saccades.
An alternative suggestion to understand the skewed rate distributions holds that a guessing process initiates saccades at high rates, independently of the visual analysis (Carpenter & Williams, 1995) . This would show up as a fold away from the recinormal latency distribution at high rates, but an accurate fit at low rates, when plotted on a probit scale. This was not the case (Fig.  4) . This idea could be helpful to understand deviations from the Gaussian rate distribution for the 1st saccade (Carpenter & Williams, 1995) or error responses and their latency in two choice tasks (Reddi, Asrress, & Carpenter, 2003) . However, it seems unlikely that, for subsequent saccades when the visual analysis is well underway, increased guessing would cause the skew.
Our analysis shows that the skewed and the symmetric rate distributions of the 1st saccades can be different manifestations of one and the same Beta-prime distribution, corresponding to strong competition between a saccade initiation and a saccade withholding signal. The parameters (S, F) of the Beta-prime distribution denote the thresholds for saccade initiation and maintained fixation, respectively.
Remarkably, the distributions of the 1st three saccades maintain a nearly invariant ratio S/(S + F) $ 0.8 across all conditions (Fig. 5) . The deviation from this ratio was less than 10% for all our conditions and ordinal numbers of the saccade in the sequence. As our conditions involve a free, two-dimensional search task with manipulation of the presence of a foveal target and together with independent analysis of 1st and later saccades in the sequence, we feel our data already span a very wide set. We do appreciate though that our data cannot exclude potential breaking of the invariant by task difficulty, time constraints, manipulations of the expectations of target presence etc.
The ratio S/(S + F) lends itself to further interpretation. As we explain in Appendix A, reciprocal latency equals the quantity R * s/f, which is Beta-prime distributed, while R $ 1.0 and Ôs/fÕ denotes the odds that the visual information favours saccade initiation. The mean of the Beta-prime distribution for the quantity s/f equals S/ (F À 1). Given the invariant S/(S + F), and F > 6 for nearly all distributions, S/(F À 1) $ 4. The quantity S/ (F À 1) denotes the expectation for the odds (s/f) that a ÔnodeÕ of the decision network will end up in the GO state rather than the HOLD state. Thus, on average saccades are initiated when the odds Ôs/fÕ $ 4. It follows that the decision network sets the thresholds in such a way that saccades are initiated when the target is about four times more likely in the periphery than in the fovea.
The invariant occurred for a wide variation of the thresholds S and F. Thus, saccadic timing is, at least for the conditions we studied, under control of a single parameter that scales both thresholds at the same time for different conditions. Through this scaling the skew (and to a much smaller extent the mean) of the distribution co-vary:
• symmetric reciprocal latency distributions occur for 1st saccades (high thresholds of S and F), • somewhat faster and strongly skewed distributions of reciprocal latency occur for later saccades (small S and F).
Our model then consists of four parameters, the thresholds S and F, the rate scalar R and the fixed saccadic dead time. Of these parameters R was nearly constant and S and F conformed to an invariant. In effect, the distributions were largely determined by only one degree of freedom. This compares favourably with the nine parameter diffusion model with variable drift rate (Ratcliff, Cherian, & Segraves, 2003) , that was recently used with success to describe monkey saccadic latency data and associated activity in the Superior Colliculus (SC). The diffusion model was able to model the relationship between choice probability and reaction times but in order to connect the diffusion model to the neural data, the authors had to take differences of cell responses for saccades to rightward and leftward targets. This reveals that the responses of cells that are tuned to one particular movement direction do not have a counterpart in the diffusion model, because in diffusion models accumulation of evidence for either decision is not represented independently. Independent accumulation of HOLD and GO signals, may be able to match the individual cell responses, but this needs further inquiry (our scheme and e.g. (Usher & McClelland, 2001 )).
Our model makes explicit, that both decision signals are closer to threshold during preparation of 2nd and later saccades than for 1st saccades; the thresholds F and S are lower. A lower level of activity in the fixation areas of FEF and SC may be due to concurrent processing (Keller & McPeek, 2002; McPeek & Keller, 2001 ). Possibly, not all activity is reset by the 1st saccade, but some activity remains in store for the next saccade and the decision signals will start closer to threshold. Specifically, our findings would suggest that during natural search movements the activity of the fixation neurons in SC and FEF could be reduced. Hints for such phenomena may be found in (Lunenburger, Lindner, & Hoffmann, 2003) .
The reciprocal latency distribution of a single saccade scales when the urgency to respond is increased by instruction (Reddi & Carpenter, 2000) . This maintains the ratio of mean and SD of the distribution. The invariant ratio is a sign that the change is caused by a lowered threshold for the decision to saccade or a raised initial level of the decision signal due to e.g., expectation. We wondered whether the well known gap effect (Boulinguez et al., 2001; Dorris & Munoz, 1995; Opris et al., 2001; Pratt et al., 2000; Weber & Fischer, 1995) would merely involve a lowering of the threshold to initiate a saccade. Removal of the fixation point 80 or 160 ms prior to the onset of the line pattern reduced the latency of the 1st saccade. Likewise the gap increased the reciprocal latency (or decision rate). However, the mean/ SD ratio was maintained in only one subject (Fig. 2) . We conclude that our findings are not consistent with the idea of a pure threshold change by the gap. In most of our subjects the decision signalÕs rate distribution also changes.
Our experiments were also designed to investigate the role of visual stimulation in the fovea during search and its effect on saccade timing. Our subjects were instructed to look at each discovered target. The analysis of visual information in the fovea is thus crucial to the termination of the search process. Can subjects process foveal information efficiently and optimally? Although familiar distractors can be discarded more swiftly in central vision than unfamiliar distractors, foveal information processing may be too slow to guide search (Greene & Rayner, 2001) . For example, subjects do not always exploit directional cues of the distractors to the location of the target in time, directing only part of their saccades into the direction indicated by the cue (Hooge & Erkelens, 1998) . Also, subjects follow a compelling preference to fixate nearby objects first, even when foveal cues indicate that the target is probably hidden in a more distant cluster of objects (Araujo, Kowler, & Pavel, 2001) . These examples suggest limited capacity to influence the fixation strategy during search. Likewise, fast initiation of additional saccades appears to be promoted automatically when no object is present in the fovea (Findlay, Brown, & Glichrist, 2001 ). The brief intersaccadic intervals are reminiscent of those, that occur when the subject mistakenly fixates a stimulus element that shares a feature with the target in prior trials (McPeek, Skavenski, & Nakayama, 2000) . Taken together, the above examples indicate that the search proceeds with the next saccade on the basis of partial information processing, in an automated fashion that is rather immune to cognitive optimization.
The properties of reciprocal latency distributions for 1st and later saccades also appear to reflect this rather inflexible search ÔmodeÕ. The fixation interval between saccades amounted to about 250 ms. Thus, line removal after 80 ms reduced the duration of the foveal stimulus by about 170 ms. The removal of the foveal object speeds up the 1st saccade when the pattern is switched on. In a recent double-step hand-and-eye pointing study, a gap effect for the 2nd saccade was reported when the 1st saccade target was switched off well before the presentation of the 2nd target (Boulinguez et al., 2001 ). We obtained a quite different result. The line removal prior to the 2nd or 3rd saccade caused an increase of the mean latency and a reduction of the mean rate (reciprocal latency). If anything, the gap effect was reversed! We think that an essential difference between our study and that earlier one by Boulinguez et al. relates to the status of the fixated object. In the latter study the first target was not the goal for the hand pointing movement as the subjects were instructed to point towards the second target. In contrast, each fixated line in our pattern was a potential target that needed to be scrutinized. Although our subjects knew that maintained fixation of the void of a removed line was detrimental to finding the target in time, they fixated longer. This again shows that saccadic search is open to cognitive modification only to a very limited extent. It complies with observations that a visual transient interrupts search (Reingold & Stampe, 2002) .
Only the F parameter of the Beta-prime distribution was increased significantly by the line-removal manipulation. This parameter denotes the threshold for saccade cancellation. The saccade cancellation system apparently responds to a transient in central vision by increasing the threshold. This may seem counter-intuitive, but it is the only logical solution if search needs to proceed. If the visual transient associated with line removal caused a crossing of the cancellation threshold, search would be terminated. This was not observed. The elevation of the ÔFÕ(ixation) threshold while maintaining the ÔSÕ threshold means that a slowly rising saccade signal can reach the ÔSÕ threshold before the cancellation threshold is reached. Thus, the distribution of the fixation interval shifts to larger values.
The frontal cortex is reputed to have a role in planning sequential activities in a flexible way. Our study indicates, however, that the timing of a sequence of saccades in a search task that is believed to be rooted in the activity in frontal areas like FEF and supplementary eye field, follows a relatively rigid pattern that is under control of two strongly competing decision signals that maintain an invariant ratio of their decision threshold levels.
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Appendix A
The strong competition model for initiation of saccades is based on the following assumptions:
(1) the decision to initiate a saccade depends on the state of a network of neural nodes, (2) stimulus onset and saccade onset put nodes into an indeterminate state, (3) each node can switch from the indeterminate state to a GO state with probability ÔsÕ, or to a HOLD state with probability ÔfÕ (=1 À s); these states are mutually exclusive, (4) if a threshold (S, for saccade threshold) number of nodes reaches the GO state and at the same time the number of nodes that has reached the HOLD state is below another threshold (F, for fixation threshold), the saccade is initiated. If the number of nodes in the HOLD state reaches threshold F first, fixation is maintained until reset by a new stimulus, (5) the rate by which the network reaches the decision to initiate a saccade is proportional to the odds (q = s/f) that either node will reach the GO or the HOLD state. We take the odds rather than the statistically more customary log(odds) as proportional to the rate, because the former quantity is defined on the positive half-axis (0; 1) just like the rate, whereas the latter covers the range of (À1, 1).
The properties of these nodes are loosely based on the properties of fixation neurons in the rostral pole of the Superior Colliculus. We do not wish to claim that this statistical model is a neurophysiologically realistic one. We merely remark that Munoz and Istvan (1998) reported short latency (1-4 ms) inhibitory responses in the fixation zone following electrical stimulation of the saccade zone of the Superior Colliculus. We take this as support for the general notion of competitive interactions between signals from foveal and extra-foveal objects. If we nevertheless seek a closer parallel between the model nodes and the neurophysiology, one may conceive of a mutually inhibitory pair of neural structures (synapses possibly, one linked to the fixation area and one that links to some part of the SC map) as a node. The assumption is then of course that inhibitory interactions enable just one of the units in the pair to become active or neither one (the indeterminate state).
Note that simultaneous increase of the evidence for both decisions is impossible, because of assumption 3. Such strong competition is reminiscent of a game like table-tennis. The players compete for points in a sequence of service games, to obtain a threshold number of points first. The points are a metaphor for incremental steps towards just one decision. Never can both players gain one point. Our model leads to the prediction that the probability density of the rate of rise of the decision signal (q) follows a so called b-prime (b 0 ) function. Its parameters, S and F, denote the threshold for saccade initiation and the threshold for saccade cancellation, respectively.
Let the probability that a node reaches the GO state be given by ÔsÕ. The probability of a node reaching the HOLD state (for maintained fixation) is then: f = 1 À s. The network reaches a decision when a threshold number of nodes (S) reaches the GO state, while the number of nodes that reaches the HOLD state is less than some other threshold level F. The model provides strong competition: the node can arrive at only one or the other state. This means that the nodes of the network can never supply support for both decisions.
Assuming that the nodes are independent, the probability that threshold S will be reached when ÔjÕ nodes are in the HOLD state is given by the Negative Binomial distribution (Feller, 1971) 
In relation to saccade initiation, the above formula denotes the probability that a saccade can be initiated, because sufficient nodes have reached the GO state. The probability that the saccade will nevertheless be cancelled is then given by Gðs; F ; SÞ ¼ X 1 j¼F gðs; j; SÞ;
because for the outcomes j P F the number of nodes in the HOLD state has also reached or exceeded threshold, and the saccade is withheld. We now need the linking hypothesis (assumption 5). It holds that the decision rate (reciprocal saccadic latency) is proportional to the relative strength of saccade and fixation ÔinfluencesÕ for each individual node (s/f). One can think of this quantity as the likelihood ratio that the stimulus is not in the fovea but can be found somewhere in the periphery. We assume for simplicity that this number is equal for all nodes in the network.
Our task then boils down to finding the probability distribution for s/f given the threshold S has been reached while F was not exceeded. Following Abramowitz and Stegun (1970) we derive the answer This equation relates a probability distribution for one decision state of the network (G(s;F, S); i.e., the number of nodes in the HOLD state reach threshold first) to the probability distribution b f (F, S), the probability that one node will reach the HOLD state. The quantity b f (F, S) equals the regularized Beta distribution which is given in the middle of above equation. This is close but not quite what we need. We need to know the probability distribution for the odds (s/f), given that the threshold S is reached and F is not exceeded. Note that b s (S, F) (=1 À b f (F, S) = 1 À G(s;F, S)) denotes the probability that the saccade is not cancelled (Abramowitz & Stegun, 1970) .
By substitution of u = 1/(1 + t) in b s (S, F) one finds the desired cumulative probability density function for r = s/f, which turns out to be the b-prime distribution Summarizing, our probabilistic model states that the observed reciprocal latency (orl) is proportional to the odds r(=s/f): orl = r * R (assumption 5). The parameter R is a constant rate (dimension s À1 ). ÔrÕ follows the b 0 distribution with parameters S and F that denote the threshold for saccade initiation and the threshold for saccade cancellation, respectively. The expected value of the reciprocal latency is given by the ratio R * S/(F À 1). We used the Beta-prime distribution to fit reciprocal latencies during search tasks and to establish from that fit the values of R, S and F.
A.2. The strong competition model compared to other schemes
In the literature one finds many diffusion type of reaction time models, (cf. Luce, 1986 ) for a review; (Ratcliff et al., 2003; Ratcliff, Van Zandt, & McKoon, 1999) . How does our model relate to such models? In diffusion models, the decision is reached by a process like a random walk of a particle on a line, between two barriers. If the particle reaches one barrier, fixation is maintained; if the other barrier is reached first, a saccade is initiated. In the diffusion model, a step of the particle towards one barrier is at the same time a step away from the other barrier. This should be interpreted as an increase of the evidence for one decision at the expense of the evidence for the other decision. In contrast, in the strong competition model of decision making, evidence accumulates independently (the nodes never switch states, thus the accumulation of the number of nodes in the HOLD and the GO state is monotonous). Thus, the diffusion type models and our model share the concept of competition over incremental steps towards the thresholds. However, during the race, accumulated evidence for either decision is maintained in our model but not in the diffusion type model. A similar remark holds for models based on sequential probability ratio tests (Feller, 1971; Laming, 1969; Luce, 1986) , which are random walk models that base the decision on the logarithm of the likelihood ratio for either decision of a series of visual samples. Again the evidence for one decision accumulates at the expense of evidence for the alternate decision in such a model. Second, our model does not assume that the time to decision is simply proportional to the number of incremental steps until saccade threshold, while the speed by which incremental steps are made is constant. We propose that the decision rate is proportional to the odds that the visual signal will favour either decision. Our assumption puts emphasis on the notion that the network evolves faster towards the decision state, when each node receives signals with a stronger bias towards saccade initiation.
Whereas the former distinction between simple accumulation models and diffusion type models has been noted many times e.g. (Luce, 1986; Usher & McClelland, 2001) , we believe to have taken a new direction by avoiding an implicit assumption of a clock-like sequence of steps towards (or away from as in the diffusion models) threshold that occur at a constant (mean) rate.
